16 The Response of Foliar Carbohydrates
to Elevated [CO,]

ALISTAIR ROGERS and ELIZABETH A. AINSWORTH

16.1 Introduction

Accumulation of foliar carbohydrates is one of the most pronounced and uni-
versal changes observed in the leaves of C, plants grown at elevated CO, con-
centration (e[CO,]). Carbohydrates are both the product of photosynthetic
cells and the substrate for sink metabolism. However, carbohydrates are not
just substrates; and the role of carbohydrates in regulation of the expression
of many plant genes, and the activity of many key enzymes, is well established.
As free air CO, enrichment (FACE) technology was emerging, understanding
of the link between carbohydrates and plant responses to growth at e[CO,]
was increasing. However, it remained unclear whether the hypotheses that
were being refined in model systems would hold up when tested in open-air
field experiments. More than a decade of FACE experiments have provided
the answer.

16.1.1 Why is it Important to Understand the Response
of Foliar Carbohydrates to Growth at e[CO,]?

Sucrose is the main product of photosynthesis and in most plants is the main
form of translocated carbon (Farrar et al. 2000). Starch and (in the
Gramineae) fructan are transitory foliar storage pools for photosvnthate,
although in some species vacuolar sucrose is the dominant storage carbohy-
drate (Chatterton et al. 1989; Pollock and Cairns 1991; Zeeman et al. 2004).
Due to the relative instability of glucose and fructose and the osmotic prob-
lems associated with storing large quantities of hexose, the levels of sucrose
and the storage polysaccharides are generally much higher than the levels of
free hexose (Isopp et al. 2000b; Rogers et al. 2004).
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Sugars are more than merely substrates and products; and they have
important signaling functions throughout all stages of the plant’s life cycle.
The evidence for a regulatory role for hexoses and sucrose is overwhelming
(Sheen 1990; Koch 1996; Bush 1999; Moore et al. 1999; Farrar et al. 2000;
Smeekens 2000). Of particular significance is the well characterized feedback
inhibition of photosynthetic genes by glucose and sucrose (Krapp et al. 1993;
Van Qosten and Besford 1994; Jones et al. 1996; Pego et al. 2000).

The carbohydrate composition of foliage can also have effects beyond the
plant. High carbohydrate content is often associated with high flavanoid con-
tent (Lindroth 1996). This has implications for plant-herbivore interactions
since flavanoids are feeding deterrents for many herbivores. In wheat grown
at e[CO,] using FACE technology, Estiarte et al. (1999) reported that growth at
e[CO,] led to an increased foliar carbohydrate content and elevated flavanoid
levels. Hendrix et al. (1994) found increased carbohydrate levels in cotton
grown at e[CO,] and also observed evidence of elevated flavanoid levels. Con-
versely, Hamilton et al. (2005) showed that soybean grown at e[CO,] had a
higher sugar content and was more susceptible to herbivory by Japanese bee-
tles, for which sugars are a known phagostimulant. Also of particular signifi-
cance to managed ecosystems is evidence that carbohydrate content may
effect herbage palatability. Increased water-soluble carbohydrate content in
herbage grown at ¢[CO,] correlated positively with an increased organic mat-
ter digestibility in ruminants (Allard et al. 2003).

It is clear that an understanding of the response of foliar carbohydrates to
growth at e[CO,] is important if we aim to increase our knowledge of how
ecosystems will respond to future e[CO,] environments.

16.1.2 What Were the Known Effects of e[CO,]
on Foliar Carbohydrates Before FACE?

Accumulation of foliar carbohydrates is one of the most marked and widely
observed changes in the leaves of C; plants grown at ¢[CO.] (Farrar and
Williams 1991). The most pronounced increases are in the levels of sucrose
and the transient storage polysaccharides, starch and fructan. Long and Drake
(1992) summarized the response of foliar carbohydrates to growth at e[CO,]
and found large and significant increases in sucrose and starch content in
plants grown at ¢[CO,].

In the early 1990s, strong evidence was emerging for the role of sugars in
the down-regulation of photosynthetic genes (Sheen 1990); and this mecha-
nism offered an attractive explanation for the emerging reports of a loss of
photosynthetic capacity observed in plants grown for extended periods at
e[CO,] where there was also a large accumulation of sucrose (Long and Drake
1992). At this time, a special issue of Plant Cell and Environment (vol 14(8),
1991) was published that summarized the current, and predominantly pre-
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FACE, knowledge of the response of plants to e[CO,]. Contributions to this
special issue from Stitt (1991), Farrar and Williams (1991) and Arp (1991)
summarized the current knowledge of the response of plant carbohydrates to
e[CO,] and emphasized the importance of understanding the role of
source-sink relations. Stitt (1991) assessed the evidence for a sink limitation
of photosynthesis at €[CO,] and concluded that the long-term ability of a leaf
to maintain high photosynthetic rates is dependent on the source-sink status
of the whole plant, i.e. a sustained stimulation of photosynthesis at e[CO,] is
dependent on an adequate sink capacity for the extra photosynthate pro-
duced at e[CO,]. In the same special issue, Arp (1991) also examined the link
between source-sink relations and photosynthetic acclimation and con-
cluded that photosynthetic down-regulation was likely an artifact resulting
from growing plants with a restricted rooting volume. There was also evi-
dence that physical restriction of root development can cause these feedbacks
(Masle et al. 1990; Thomas and Strain 1991). Implicit in Arp’s conclusion was
the assumption that a marked accumulation of carbohydrates at e[CO,] was
also an artifact of a restricted sink capacity.

One of the major problems in confidently extrapolating results from con-
trolled environments to the field was the problem of the “pot effect” (Arp
1991). Whilst carbohydrate accumulation was less marked in plants grown
with larger rooting volumes (Long and Drake 1992), it was unclear whether
the response of foliar carbohydrates to e[CO,] would prevail in an unlimited
rooting volume. Since carbohydrate feedback mechanisms were thought to
underlie some important responses of plants to e[CO.], a truly realistic
growth environment was needed in order to test hypotheses developed in
controlled environments. The central hypothesis around which much of the
uncertainty rested was: The accumulation of foliar carbohvdrates at e[CO,] is
the result of an insufficient sink capacity to utilize the extra photosynthate pro-
duced at e[CO,].

The advent of FACE technology allowed this hypothesis to be tested in the
field in fully open-air conditions where plants lack the constraints that have
been implicated as artifacts in many controlled environment studies (Long et

al. 2004).

16.2 Do Carbohydrates Accumulate in the Leaves
of Plants Grown in the Field Using FACE Technology?

Recent meta-analyses of plant responses to growth at e[CO,] using FACE
technology included an analysis of the response of foliar carbohvdrates
(Fig. 16.1; Ainsworth and Long 2005; Long et al. 2004). Despite an unrestricted
rooting volume, plants grown at e[CO,] accumulated significantly more sug-
ars and starch than those plants grown at current (c)[CO.]. In a review that
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preceded most of the work that emanated from FACE studies, Long and Drake
(1992) examined the response of plants to e[CO,] and summarized the impact
of rooting volume on carbohydrate accumulation. They compared the ratio of
starch in plants grown at e[CO,] to starch in plants grown at c[CO,]. They
found that plants grown at e[CO,] had a markedly higher starch content when
grown in small pots compared with large pots (small pots, e/c = 3.4; large
pots, e/c = 2.2; Long and Drake 1992). The meta-analytical summary of
Ainsworth and Long (2005) found sugar and starch accumulation to be
markedly lower in plants grown using FACE than in the plants grown in large
pots (>10 dm?) in Long and Drake’s (1992) study. This observation is consis-
tent with the results of Robbins and Pharr (1988), who showed that plants
grown in a small rooting volume accumulated more starch. However, the
trend for reduced carbohydrate accumulation with increased rooting volume
may reflect the higher [CO,] in the studies summarized in Long and Drake’s
review (range 500-2000 pmol mol-!) compared with that of Ainsworth and
Long (range 475-600 pmol mol™). Another confounding factor is the data in
Long and Drake (1992) were expressed on a dry mass basis, which tends to
underestimate carbohydrate content. However, despite growing plants in the
field where roots were free to develop and forage for nutrients, there was still
a marked and significant increase in foliar carbohydrate content in plants
grown at e[CO,].

Soybean offers perhaps the ultimate test of Arp’s prediction that field-
grown plants will not become sink-limited (Arp 1991). In addition to the
unrestricted root development possible in the field, soybean may have an
indeterminate vegetative growth pattern and an association with nitrogen-
fixing bacteria that significantly increases the sink for photosynthate (Walsh
et al. 1987; Vessey et al. 1988). Despite these strong sinks for photosynthate,
soybean grown under e[CO,] in the field still accumulated significantly more
glucose, sucrose and most markedly starch (P<0.05, data not shown). Fig-
ure 16.2 shows the level of total non-structural carbohydrate (TNC; sum of
glucose, fructose, sucrose and starch) in mature soybean leaves sampled at six
stages of development within the growth season. Despite a near constant
stimulation of diurnal photosynthetic CO, uptake (Bernacchi et al,, unpub-
lished data), there was a clear trend in TNC content, peaking at the beginning
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Fig.16.2 The carbohydrate content of developing soybean grown at the SoyFACE exper-
iment. TNC content calculated as the sum of glucose, fructose, sucrose and starch mea-
sured in the lateral leaflets of the most recently fully expanded trifoliate leaves of soy-

/

beans grown at e[CO,] in the field using FACE technology. Samples were taken just
before sunrise on three consecutive mornings; and the pre-dawn values for each repli-
cate plot were pooled to give a mean pre-dawn TNC content for each period of measure-
ment (n=4 replicate rings). Horizontal bars indicate the periods of vegetative growth,
tlowering, pod fill and seed fill. The broken vertical line indicates the stage in develop-
ment when N-fixation stops. Across the season, there was a significant 39 % increase in
TNC (F=62.73, P=0.0042). The date of measurement was significant (F=42.35, P<0.0001)
and there was also a significant interaction between CO, treatment and dav of year
(F=4.24, P=0.0051). Asterisks indicate a significant pairwise comparison between ele-
vated and ambient [CO,] treatments on a specific day of year (* P<0.05, ** P<0.01)

and end of the growth season. At these stages of development, the increase in
foliar carbohydrate content at e[CO,] was maximal. The higher amounts of
TNC at the beginning and end of the growth season and the significant CO,
effect at these times correspond to developmental changes in the source-sink
balance. In the middle of the season when TNC levels are lowest and there is
no effect of growth at e[CO,], there is a strong sink for photosynthate. Nitro-
gen fixation is peaking, vegetative development, tlowering and pod set are still
underway and seed fill is just beginning (Ritchie et al. 1997). The results pre-
sented here are supported by data from the same field site taken in a preced-
Ing year on a different cultivar (Rogers etal. 2004). It is clear that carbohvdrate
accumulation at e[CO,] occurs even in a plant that lacks the constraints
thought to exacerbate carbohydrate accumulation in controlled environ-
ments. It is also evident from Fig. 16.2 that sink capacity may be determining
the extent and timing of carbohydrate accumulation.



298 A.Rogers and E. Ainsworth

Trees have large sinks for photosynthate and may be expected to avoid
foliar carbohydrate accumulation at e[CO,]. Developing loblolly pines experi-
encing a step change in [CO,] at the Duke Forest FACE experiment (Hendrey
et al. 1999) did not show an accumulation of carbohydrates when measured at
multiple stages during the first season of CO, exposure (Myers et al. 1999).
Rogers and Ellsworth (2002) did report foliar carbohydrate accumulation
later in the experiment, but this was confined to old needles at two points in
the season. Herrick and Thomas (2001) did not report carbohydrate accumu-
lation in sun or shade leaves of Liquidambar styraciflua (sweetgum) growing
at e[CO,] in the understory at the Duke Forest FACE site (Herrick and
Thomas 2001). However, Tissue et al. (2002) did report carbohydrate accumu-
lation at e[CO,] in the same species at the Oak Ridge National Laboratory
FACE site (Norby et al. 2001); and Singaas et al. (2000) reported carbohydrate
accumulation in Acer rubrum, Ceris canadensis and L. styraciflua at the Duke
site. Clearly carbohydrate accumulation in trees is highly variable and our
understanding of the mechanisms underlying the response of foliar carbohy-
drates to e[CO,] in trees needs to be increased.

16.3 Manipulations of Source-Sink Balance

One way to test the hypothesis that insufficient sink capacity is causing foliar
carbohydrate accumulation is to artificially manipulate the source-sink ratio
in order fo increase the demand for photosynthate. A simple way to do this is
to remove source tissue. By decreasing the amount of photosynthetic tissue,
the demand for photosynthate will need to be met by fewer source leaves and
the remaining leaves will experience an increase in sink strength. The man-
agement practice at the Swiss FACE site (Zanetti et al. 1996) afforded an
opportunity to study carbohydrate dynamics following partial defoliation.

Perennial ryegrass is a major C, pasture grass of humid and temperate
regions that has been selected to be grazed and therefore survive periodic
partial defoliation. At the Swiss FACE site, ryegrass was managed as a fre-
quently cut herbage crop. The periodic defoliation abruptly decreased the
ratio of source (i.e. photosynthetic tissue) to sink (i.e. roots and pseudo-
stems) and in addition led to an increased demand for photosynthate during
the regrowth period.

Immediately following partial defoliation, the carbohydrate content in the
remaining leaf tissue was markedly reduced; and this reduction continued
until about 4 days after defoliation, at which time levels began to rise until
they peaked just before the next cutting cycle (Fischer et al. 1997). The effect
of source-sink manipulation on carbohydrate accumulation is clear; and the
trend is exacerbated at e[CO,]. Foliar carbohydrate accumulation was signifi-
cantly greater at e[CO,] immediately before partial defoliation, but following
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defoliation the newly developed foliage showed no carbohydrate accumula-
tion at e[CO,], consistent with the greater demand for photosynthate follow-
ing defoliation (Fischer et al. 1997; Rogers et al. 1998). Isopp et al. (2000b)
showed that the diurnal changes in TNC were largely associated with changes
in sucrose content, but the long-term increases in TNC immediately before
defoliation, that were exacerbated at e[CO,], were associated with a marked
accumulation of fructan, indicative of an insufficient demand for photosyn-
thate (Fig. 16.3; Isopp et al. 2000b). Rogers et al. (1998) cut one section of the
sward early and measured carbohydrate content in both defoliated and unde-
foliated swards on the same day. They confirmed that the difference in carbo-
hydrate content following a cut was not due to different meteorological condi-
tions on or preceding the day of measurement (Rogers et al. 1998).

Further support for the major role of sink capacity in determining the
response of foliar carbohydrates to e[CO,] comes from the SoyFACE experi-
ment (see Chapter 4), where Ainsworth et al. (2004) grew isogenic lines of soy-
bean that varied by a single gene altering their capacity to utilize photosyn-
thate. Indeterminate soybean cultivars continue vegetative growth after
flowering has begun but determinate cultivars do not. Since continued vegeta-
tive growth will provide an additional sink for photosynthate, cultivars with a
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Fig. 16.3 Composition of TNC in the leaves of Lolium perenne grown at the Swiss FACE
site. Leaves were sampled from plants grown with a high and low nitrogen supply in con-
trol (Air) and elevated [CO,] plots (CO2). Samples were talen at 0700 hours, shortly after
and shortly before a planned partial defoliation. Plants harvested shortly after a cut had
a markedly lower source:sink ratio than those harvested shortly before defoliation. Error
bars represent +SE of mean TNC (=3 plots). Figure redrawn from Isopp et al. (2000Db)
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determinate growth form would be predicted to accumulate greater amounts
of foliar carbohydrate. Ainsworth et al. (2004) examined the response of foliar
carbohydrates to growth at e[CO,] in a determinate genotype (Williams dt1) of
a cultivar with an indeterminate growth form (Williams) and an indeterminate
genotype (Elf D1) of a cultivar with determinate growth form (EIf). All plants
with determinate growth forms (Williams d¢I and EIf) accumulated signifi-
cantly more sugars at e[CO,], whereas indeterminate plants (Williams and EIf
Dt1) showed no additional accumulation at e[CO,]. Starch content was signifi-
cantly higher in all plants grown at e[CO,]. Figure 16.4 shows the levels of TNC
in these plants. A single gene mutation to change the indeterminate growth
form of Williams to a determinate growth form (Williams dt1) resulted in a
doubling of the amount of extra carbohydrate accumulated at e[CO,]. How-
ever, the opposite single gene substitution to convert the determinate variety
Elf to an indeterminate variety (EIf DtI) did not lead to an exacerbated accu-
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Fig.16.4 Sink manipulation at the SoyFACE experiment. TNC content of four soybean cul-
tivars +SE, sampled during pod-fill. Williams (Wms) has an indeterminate growth form
and Williams dtI (Wms-dt1) is a determinate form of Williams, EIf (EIf) has a determinate
growth form and EIf Dt1 (Elf-Dtl) is an indeterminate form of EIf. The bar charts show
percent change in carbohydrate with growth at e[CO, ], i.e. (FACE -control)/control x 100.
Pre-planned comparisons of [CO,] treatments within cultivars were made using linear
contrast statements. * P < 0.05. Figure redrawn from Ainsworth et al. (2004)
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mulation of TNC at e[CO,] (Ainsworth et al. 2004). This difference in the
response of the two determinate lines may lie in the fact that Elf was developed
as a determinate variety. For a determinate variety to be competitive, it is likely
that breeders selected lines with sufficient potential for pod formation to
ensure that yield would not be compromised by an insufficient sink capacity.
Therefore, an indeterminate line of EIf may not offer a significant advantage at
&[CO; 1.

Together these two FACE experiments have provided strong evidence that
sink capacity is a key factor in determining the response of foliar carbohy-
. drates to growth at ¢[CO,]. The picture is not always so clear. Rogers and
Ellsworth (2002) investigated TNC accumulation in the needles of loblolly
pine grown at e[CO,] at the Duke Forest FACE site. They anticipated that
when there was a strong proximal sink for carbohydrate (developing buds
and new needles), they would not observe carbohydrate accumulation at
e[CO,]. However, carbohydrate accumulation was maximal at this time and
minimal when predicted proximal sink activity was lowest. It is possible that
other distal carbohydrate sinks may have played a more significant role than
the adjacent developing shoots and needles. Developing shoots and needles
are nitrogen sinks as well as carbon sinks; and if nitrogen were limiting nee-
dle development, then it is possible that the supply of photosynthate at
e[CO,] may have been in excess of sink requirements (Rogers and Ellsworth
2002).

Carbohydrate accumulation in the leaves of trees grown under e[{CO,] in
FACE experiments has been difficult to predict and is highly variable. Much of
this variation may be due to developmental heterogeneity within the tree and
the problems associated with selecting comparable leaf tissue for analysis.
More accurate methods of measuring leaf development are now available and
should help clarify the responses to e[CO,] (Schmundt et al. 1998; Taylor et al.
2003). In addition, carbon sinks such as wood formation, and in some species
the emission of volatile organic compounds, complicate the understanding of
source-sink relations. '

16.4 The Effect of Nitrogen Supply on Sink Capacity

When plant growth is limited by nitrogen supply, carbon is in excess and sur-
plus photosynthate often accumulates in leaves (Rogers et al. 1996). The inter-
action of e[CO,] and nitrogen supply has been the subject of many studies
(Stitt and Krapp 1999). Prior to FACE, many of these studies had been con-
ducted in pots or containers. In addition to the physical constraint imposed by
container walls (Arp 1991), enhanced growth under e[CO,] may lead to more
rapid exhaustion of the available nitrogen. In this case, plants growing at
e[CO,] will experience nitrogen limitation sooner, or to a greater extent than
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the plants growing at ¢[CO,] (Stitt and Krapp 1999; Kérner 2003). In the field
there is no restriction on root development, and increased exploration of the
soil with accelerated growth at e[CO,] would allow the plant to utilize add;-
tional sources of nitrogen as it develops. The FACE experiments provide the
opportunity to examine plant Tesponses to e[CO,] in an open-air environ-
ment without the confounding effects of potentially exaggerated nitrogen
limitation.

The concept that a low-nitrogen supply could lead to a sink limitation and
that this could be exacerbated at e[CO,] has been investigated at the Swiss
FACE site (Fischer et al. 1997; Rogers etal. 1998; Isopp et al. 2000b).In addition
to the effect of partial defoliation, Fig. 16.3 also shows the response of foliar
carbohydrates to a low- and high-nitrogen supply (Isopp et al. 2000b). High-
nitrogen supply reduced foliar carbohydrate content at both c[CO,] and
e[CO,]. In plants harvested shortly before periodic defoliation, the combina-
tion of e[CO,] and a low-nitrogen supply led to a marked increase in foliar
carbohydrate content. This trend was also reported by Fischer et al. (1997) and
Rogers et al. (1998). The large increase in carbohydrate content at e[CO,] and
low nitrogen immediately prior to planned periodic partial defoliation was
consistent with a severe sink limitation. This severe sink limitation was inves-
tigated further towards the end of a growth cycle where day-to-day accumu-
lation of foliar carbohydrate in source leaves was examined. Plant grown with
a high-nitrogen supply did not show a significant accumulation of carbohy-
drate between successive days. However, plants with a low-nitrogen supply
accumulated significant amounts of carbon over a 24-h time-course. Fig-
ure 16.5 shows the extent of this carbon accumulation in two successive years
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Fig. 16.5 The effect of low nitrogen on sink limitation at the Swiss FACE experiment.
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of investigation. Together with the results from Fischer et al. (1997), Rogers et
al. (1998) and Isopp et al. (20004, b), it is clear that the low-nitrogen supply
treatment at the Swiss FACE site led to a markedly reduced sink capacity and
to the accumulation of foliar carbohydrates, a phenomenon that was exacer-
bated at e[CO,].

16.5 What Are the Signs of a Limited Sink Capacity?

A higher carbohydrate content at e[CO,] is not necessarily an indication of
replete sinks. According to the Miinch hypothesis, if plants are to match
increased photosynthetic rates with increased export rates, they need to
increase their capacity to load phloem. The plant has to poise its sucrose lev-
els on the trigger of photosynthetic repression to drive symplastic transport
at a maximal level (see Chapter 15). So, if an increased carbohydrate content
may not be a clear indicator of a source-sink imbalance, what are the signals
of sink limitation and how else might the leaf sense an inadequate capacity in
the plant for the utilization of additional photosynthate?

The type of carbohydrate accumulated can communicate the capacity of a
plant to utilize current photosynthate. When the capacity of sinks to utilize
photosynthate decreases, excess carbohydrate is stored in the leaf as either
starch or fructan. Figure 16.1 shows the response of sucrose and starch to
growth at e[CO,] using FACE technology. In agreement with prior reports
(Farrar and Williams 1991), starch is the main component of the increase in
leaf carbohydrates observed in plants grown at e[CO,]. In the Gramineae, the
alternative storage polysaccharide fructan also showed marked accumulation
at e[CO,]. Figure 16.3 clearly shows fructan storage in sink-limited ryegrass
grown at the Swiss FACE site (Isopp et al. 2000b).

Another key indicator of a source-sink imbalance is the accumulation:
fixation ratio (Rogers et al. 2004). Additional TNC accumulation during a
photoperiod at e[CO,] can be indicative of a limited capacity to utilize pho-

. tosynthate, particularly if this accumulation is carried over to the next day

(Fig. 16.5). However, accumulation during the photoperiod may simply
reflect higher photosynthetic rates and a larger transport pool. Accumula-
tion:fixation ratio is a more useful diagnostic parameter. In soybean grown
at e[CO,], Rogers et al. (2004) reported that soybean exported ca. 90% of
fixed carbon, but on one occasion during the season, associated with low
temperature and developmental reductions in sink capacity, plants grown at
c[CO,] retained ca. 20 % of their fixed carbon and plants at e[CO,] retained
ca. 50 % (Fig. 16.6).

Moore et al. (1999) offers perhaps the best explanation of how a photosyn-
thetic cell can sense and respond to a source-sink imbalance (Long et al.
2004). Excess sucrose from photosynthesis that accumulates in the vacuole
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when sinks are unable to utilize all available photosynthate is hydrolyzed by
vacuolar invertases to yield glucose and fructose. These hexoses then enter a
futile cycle of sucrose synthesis and degradation. Hexokinase catalyzes a key
step in this cycle and has a secondary role as a flux sensor, thereby communi-
cating the source-sink imbalance to the cell (Moore et al. 1999). Since there is
a good correlation between invertase activity and hexose:sucrose ratio, the
end-of-day hexose:sucrose ratio is potentially a useful diagnostic marker for
a source-sink imbalance (Moore et al. 1999). Rogers et al. (2004) determined
the hexose:sucrose ratio in sink-limited soybean (day of year = 254, Fig. 16.6)
and reported a significant and markedly higher hexose:sucrose ratio in plants
grown at e[CO,] compared with those grown at c[CO,], suggesting that
Moore’s model may translate to field-grown plants. Further investigation of
this model as a possible mechanism that describes how plants sense a
source-sink imbalance is required, particularly since a significant proportion
of the measured foliar sucrose is in the phloem, where it is not available to a
mesophyll-based flux sensor.
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16.6 Conclusion

Prior to FACE experiments, there was uncertainty over whether the hypothe-

ses that were being developed from experiments conducted in controlled

environments would hold up when tested under fully open-air field condi-
tions.

+ Despite predictions that foliar carbohydrates would not accumulate in the
leaves of plants grown at e[CO,] in the field where roots are free to develop
and explore the soil for nutrients, plants grown in the field using FACE tech-
nology still accumulated carbohydrate. Even N-fixing species with large
sink capacities exhibited exacerbated carbchydrate accumulation at e[CO,]
and perennial ryegrass showed evidence of a severe sink limitation.

+ FACE experiments confirmed the importance of sink capacity in determin-
ing the timing and extent of foliar carbohydrate accumulation; and they
provide a valuable field test for key indicators of insufficient sink capacity.

* Many uncertainties still remain. Cross-talk between carbon and nitrogen
metabolism in the leaf is extensive and well documented (Stitt and Krapp
1999) and growth at e[CO,] will have a major impact on carbon and nitro-
gen metabolism. A full and more mechanistic understanding of the
response of foliar carbohydrates to growth at e[CO,] cannot be realized
without parallel and comprehensive investigations of nitrogen metabolism.
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